Abstract-Motility of the stomach is in part coordinated by an electrophysiological event called slow waves, which are generated by pacemaker cells called the interstitial cells of Cajal (ICC). In functional motility disorders, which can be associated with a reduction of ICC, dynamic slow wave dysrhythmias can occur. In recent years, high-resolution (HR) mapping techniques have been applied to describe both normal and dysrhythmic slow wave patterns. The main aim of this study was to inform gastric HR mapping array design by determining the efficient inter-electrode distance required to accurately capture normal and dysrhythmic gastric slow wave activity. A two-dimensional mathematical model was used to simulate normal activity and four types of reported slow wave dysrhythmias in human patients: ectopic activation, retrograde propagation, slow conduction, conduction block. For each case, the simulated data were re-sampled at 4, 6, 10, 12, 20 and 30 mm inter-electrode distances. The accuracy of each distance was compared to a reference set sampled at 2 mm inter-electrode distance, in terms of accuracy of velocity, using an ANOVA. Manual groupings were also conducted to test the ability of the human markers to distinguish separate cycles of slow waves as inter-electrode distance increases. The largest interelectrode distance for human gastric slow wave analysis, which produced both accurate grouping and velocity, was 10 mm (CI [0.3 2.4] mm s -1 ; p<0.05). Therefore an inter-electrode distance of less than 10 mm was required to accurately describe the types of baseline and dysrhythmic activities reported in this study. However, it is likely that more spatially complex dysrhythmias, such as re-entry, may require finer inter-electrode distances.
I. INTRODUCTION Gastric motility is regulated by an electrophysiological event called slow waves, which are generated by the interstitial cells of Cajal (ICC) in a decreasing gradient of intrinsic frequencies in the antegrade direction of the stomach. Entrainment of ICC to a single frequency of 3 cycles-perminute (cpm) with a constant phase-lag is a key mechanism underpinning regular gastric slow wave propagation [1] . Slow wave Dysrhythmias occur in disease states, e.g., gastroparesis, which have been associated with a reduction in ICC counts [2] .
Accurate descriptions of slow wave propagation patterns during health and diseases have been enabled by the advent of high-resolution (HR) electrical mapping techniques [3] . Up to 256 electrodes with various inter-electrode spacings (2.5-7.6 mm) have been embedded in either epoxy resin or manufactured as flexible printed circuits (FPCs) [2, 4, 5] . As more dynamic and complex slow wave propagations have been reported, as well as introduction of minimally-invasive devices, the efficient inter-electrode distance for HR mapping is becoming a paramount issue. Finer electrode distances offer more accuracy but at a significant cost of coverage, i.e., halving the inter-electrode distance would lead to a quadruple decrease in the coverage. On the other hand, sparse electrode configurations have proven to induce significant errors with the interpretation of slow wave patterns [6] .
Improved understanding of the ICC pacemaking mechanisms has led to recent development of a number of biophysical slow wave cell models and multi-scale models of slow wave propagation [7] . In particular, mathematical models of entrained slow waves have been shown to reproduce both baseline and dysrhythmia activities in animal and human subjects [8, 9] . The cost and time associated with manufacturing HR mapping arrays and the dynamic nature of slow wave dysrhythmias make an in-silico approach an attractive strategy for determining the efficient inter-electrode distance.
The main aim of this study was to determine the efficient inter-electrode distance required to accurately capture normal and dysrhythmic gastric slow waves. The work involved three main aspects: (i) The development of a series of two-dimensional (2D) models of major classes of human gastric slow wave dysrhythmias; (ii) A metric for quantifying the accuracy of processed HR mapping data at different inter-electrode distances; (iii) Validation of the accuracy of grouping at different inter-electrode distances.
II. METHODS

A. Baseline Models
A previously published ICC model was adapted to simulate slow wave activity in a 60×60 mm 2 2D model [9] . Briefly, the cell model contained three major ionic currents: a sodium current (I N a ), a calcium current (I Ca ), and a potassium current (I BK ). The intracellular calcium dynamic of the cell model was modeled as a two-pool system (cytosol store and mitochondrial store) [10] . The dimensions of the 2D model matched the coverage of a HR mapping array that contains 256 electrodes with 4 mm inter-electrode distance [2, 5, 6] . The monodomain equation was solved to simulate slow wave propagations,
where A m denotes the cell surface-to-volume ratio (200 mm -1 ), and I s denotes a stimulus current, which was used in some cases to invoke ectopic and retrograde activities. A baseline model was created based on experimental recording of human subjects ( Fig. 1) [2] . The intrinsic frequency gradient and conductivity parameters used in the baseline model are described in Table I . Intrinsic frequency was prescribed by adjusting an IP 3 -sensitive parameter (η), which represents the linear synthesis of IP 3 in the cell model [10] . The simulations were solved until steady-state for 60 s, using a grid-based finite element technique using the CMISS simulation package (http://www.cmiss.org/). The simulation package employed a LU decomposition and a Euler numerical solver with an implicit scheme to solve the discrete forms of Eq. 1. All numerical simulations were solved on a single 2.27 GHz Intel Xeon CPU with 26 GB total memory. 
B. Dysrhythmic Models
Four types of human gastric slow wave dysrhythmias were simulated based on experimental HR mapping data [2] : (i) ectopic activation (center-field; 3.3 cpm), (ii) retrograde propagation with colliding wavefronts (3.3 cpm), (iii) slow conduction (1 mm s -1 ), and (iv) conduction block (block size: 4×30 mm -1 ), as shown in Fig. 3 . The parameters changed to simulate each type of dysrhythmia are listed in Table I . Both ectopic activation and retrograde propagation models required a periodic external stimulus, as prescribed by the I s term in Eq. 1. The slow conduction and conduction block models required reducing the conductivity in the model in order to slow down or eliminate propagation in all or a specific area in the model. A steady-state solution of the baseline model was used as the initial state for all simulations of dysrhythmias.
C. Quantification of Inter-electrode Spacing
A reference dataset was generated by re-sampling each simulated activity at 31×31 solution points, since 2 mm is close to the finest inter-electrode distance previously used in HR mapping of gastric slow waves [4] . Individual slow wave activation times were detected and grouped using previously validated techniques [11, 12] . To generate datasets representing the different inter-electrode distances, the simulated data were re-sampled into the following number of solution points (inter-electrode distances), as shown in Fig. 2 : 16×16 (4 mm), 11×11 (6 mm), 7×7 (10 mm), 6×6 (12 mm), 4×4 (20 mm), and 2×2 (30 mm). The grouping information was retained every time the dataset was re-sampled.
The velocity was re-calculated from the re-sampled datasets at each inter-electrode distance. The root-meansquare (RMS) error between the 2 mm dataset and each interelectrode distance was calculated. All data processing was conducted in a custom GEMS analysis software package (v1.5) [13] . Significance of the velocity difference between each dataset and the reference dataset was tested by a oneway ANOVA, and p < 0.05 was used as the threshold. The 95% confidence interval (CI) was reported if a significance was found.
D. Validation
Correct grouping of activation times is critical to interpretation of propagation patterns, which is difficult to do consistently with low-resolution recordings [6] . Manual groupings of the simulated datasets were conducted by three experienced markers to test the reliability of distinguishing propagation patterns of each simulated activity at 4 mm, 10 mm, 12 mm, and 20 mm inter-electrode distances. The activation times were retained with the grouping information removed. Each marker was blinded to the type of patterns the activity represented, and the order in which the activities were grouped was also randomized. A correct grouping was defined as correctly identifying activation times belonging to the same cycle over 2-3 consecutive cycles at each interelectrode distance by all markers.
III. RESULTS AND DISCUSSION
A. Dysrhythmia Simulations
An ectopic activation was invoked by a point stimulus placed at the center of the 2D model ( Fig. 3(a) ). The elevated frequency of the ectopic activity (3.3 vs 3 cpm) allowed entrainment of baseline slow waves. The shape of the ectopic wavefront was elliptic, as shown in Fig. 3(a) , which indicates the velocity anisotropy as prescribed in the baseline model (Table I ). The active wavefront separation distance was approximately 58 mm, which was slightly reduced compared to the baseline model (64 mm). A retrograde propagation was also invoked by a stimulus at a frequency higher than the baseline entrainment frequency (Fig. 3(b) ), which was applied to the bottom boundary of the 2D model. The invoked retrograde activity formed a planar wavefront and collided with the baseline activity in the middle of the 2D model over consecutive cycles (Fig. 2(a) ). The activation wavefront separation distance was approximately 41 mm, indicating a slower propagation against the direction of the prescribed intrinsic frequency gradient [9] .
Significantly slowed antegrade propagation resulted in an increase number of simultaneous wavefronts to three, from one wavefront in the baseline model (Fig. 3(c) ). The reduced velocity was also indicated by the significant reduction in the active wavefront separation distance to 19 mm. Unlike the ectopic activation and retrograde propagation simulations, the overall entrainment frequency between the slow conduction and baseline models remained the same at 3 cpm because the prescribed intrinsic frequency gradient was not perturbed by an extrinsic stimulus.
The conduction block induced a slight distortion to the slow wave propagation around the block site (Fig. 3(d) ). Rapid circumferential propagation emerged at the boundary of the block and restored the general direction of propagation, e.g., Fig. 3(d) at 4 s. There were no changes in the overall entrainment frequency and active wavefront separation distance when compared to the baseline model. 
B. Accuracy of Different Inter-electrode Distances
RMS error of calculated velocity generally increased as inter-electrode distance increased, as shown in Fig. 4 . One exception was the RMS error of the retrograde propagation dataset at different inter-electrode distances, which demonstrated fluctuations between 1.6 and 4.0 mm s -1 (Fig. 4(c) ). It is worth noting that the range of the RMS error of retrograde activation was relatively high compared to the other activities. The likely reason for the large error was the existence of colliding wavefronts (Fig. 3(b) ), which is known to cause discontinuities in the calculated velocity field.
ANOVA demonstrated a significant difference in velocity for ectopic activation at 30 mm electrode-spacing (CI [0.3 2.4] mm s -1 ; p < 0.05) and retrograde propagation at 10 mm electrode-spacing (CI [0.3 2.4] mm s -1 ; p < 0.05). No significant difference was detected for the baseline, slow conduction, and conduction block simulations for the interelectrode distances tested. From these results, a 10 mm interelectrode distance would be required in order to accurately calculate the velocities of all types of activities tested in this study. However, this finding was based on the assumption that the activation times were grouped accurately in the first place [6] . 
C. Manual Grouping Accuracy
When compared to the reference datasets, manual groupings were accurate for all inter-electrodes distances except slow conduction (Table II) . Upon further investigation, the manual markers tended to group the closest activation time from a neighboring electrode. This implied that the interelectrode distance should be less than half of the active wavefront separation distance. For example, grouping of the traces in Fig. 2 (2 mm) would be more difficult than Fig. 2 (30 mm) . When taking this into account, a 10 mm inter-electrode would be nearly half of the active wavefront separation distance of the slow conduction data (19 mm). 
IV. CONCLUSIONS
This study demonstrated that analysis of human gastric slow waves was accurate at inter-electrode distances less than 10 mm. The finding supported the existing experimental HR mapping arrays for human studies [2, 5] . More complex slow wave dysrhythmias with the reduced active wavefront separation, such as re-entry [4, 9] , may require finer interelectrode distances. The analytical approach implemented in this study may also be adapted to aid the development of future HR mapping devices.
